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We evaluated spatial patterns of mercury (Hg) deposition through analysis of foliage and forest ﬂoor
samples from 45 sites across Adirondack Park, NY. Species-speciﬁc differences in foliar Hg were evident
with the lowest concentrations found in ﬁrst-year conifer needles and highest concentrations found in
black cherry (Prunus serotina). For foliage and forest ﬂoor samples, latitude and longitude were nega-
tively correlated with Hg concentrations, likely because of proximity to emission sources, while elevation
was positively correlated with Hg concentrations. Elemental analysis showed moderately strong, positive
correlations between Hg and nitrogen concentrations. The spatial pattern of Hg deposition across the
Adirondacks is similar to patterns of other contaminants that originate largely from combustion sources
such as nitrogen and sulfur. The results of this study suggest foliage can be used to assess spatial patterns
of Hg deposition in small regions or areas of varied topography where current Hg deposition models are
too coarse to predict deposition accurately.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Atmospheric deposition of mercury (Hg) is a global problem, as
urban and industrial emissions of Hg result in long-range atmo-
spheric transport to remote regions (Driscoll et al., 2013). Many
models and networks of Hg deposition have estimated patterns on
a global or continental scale. While these estimates have advanced
our understanding of global Hg cycling, they are not capable of
accurately resolving deposition at a regional scale. Programs such
as the Mercury Deposition Network (MDN, http://nadp.sws.uiuc.
edu/mdn/) have resulted in multiple Hg monitoring sites across
North America; however, the spatial resolution of these sites is
often inadequate for estimating regional Hg deposition patterns.
Without an increase in monitoring sites, it is unlikely that models
developed in the near future will be capable of capturing ﬁne-scale
Hg deposition patterns at a regional scale. Improved understanding
of regional patterns of Hg deposition would help land managers
evaluate management strategies and inform decisions that could
limit the impact of Hg contamination locally.
Several areas in the northeastern United States and south-
eastern Canada have been identiﬁed as “biological hotspots” of Hglackwell).
Ltd. This is an open access article ucontamination, including the Adirondack Park in upstate New York
(Evers et al., 2007). The forests and waterways of the Adirondack
Park have been adversely impacted by atmospheric contaminants,
most notably acidic deposition of nitrogen and sulfur (Driscoll and
van Dreason, 1993; Driscoll et al., 2001; Mitchell et al., 2003).
Spatial patterns of nitrogen and sulfur in the Park show that
deposition is highest in the southwest and in high-elevation areas,
and decreases toward the northeast (Ito et al., 2002; McNeill et al.,
2008). In addition to nitrogen and sulfur deposition, industrial
combustion sources such as coal-burning electrical plants also
contribute to atmospheric Hg deposition, and both acidic contam-
inants and Hg are subject to long-range atmospheric transport
(Driscoll et al., 2007). As a result, spatial patterns of Hg deposition
may be similar to spatial patterns of acidic deposition. Source-
contribution modeling of Hg in the Adirondacks suggests that
emissions are strongly derived from the industrial areas of the Ohio
Valley (Choi et al., 2008), an area that also emits substantial
quantities of nitrogen and sulfur (Driscoll et al., 2001).
There has been interest in monitoring Hg deposition via accu-
mulation in foliage because seasonal senescence of foliage accounts
for the single largest pulse of Hg into the forest ﬂoor of hardwood
stands (Demers et al., 2007; Bushey et al., 2008; Blackwell et al.,
2014). Uptake of atmospheric Hg by foliage has been documented
in multiple studies and demonstrates a relatively linear pattern of
increasing accumulation over the growing season with increasingnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Graydon et al., 2008; Blackwell et al., 2014). Similar tree species are
distributed throughout the entire Adirondack Park, and because
studies suggest that Hg concentrations in foliage arewell correlated
with atmospheric Hg concentrations (Ericksen and Gustin, 2004),
foliar samples could be an effective biomonitor of Hg contamina-
tion in relatively small regions such as the Adirondack Park.
After senescence, much of the Hg that previously accumulated
into foliage is deposited to the organic soil layers of the forest ﬂoor
(Demers et al., 2007). Although multiple factors can inﬂuence Hg
accumulation in soil layers, there is a positive correlation between
estimated Hg deposition and organic soil Hg (Nater and Grigal,
1992; Blackwell and Driscoll, in review). The accumulation of Hg
in the Oi/Oe horizon of the forest ﬂoor likely represents several
years of deposition, while Hg in the Oa horizon likely represents
decades of Hg deposition.
The purpose of this study was to infer and examine spatial
patterns of Hg deposition in the Adirondack Park of New York State
using green foliage and forest ﬂoor samples as indicators of Hg
deposition. Secondarily, we examined relationships of Hg with
carbon and nitrogen chemistry. Finally, we evaluated the effec-
tiveness of using foliage and forest ﬂoor samples for monitoring
trends in Hg deposition at a regional scale.
2. Methods
2.1. Study area
The Adirondack Park is a 2.5 million hectare forest preserve that
is managed as a partnership between public agencies (New York
Department of Environmental Conservation, Adirondack Park
Agency) and private landowners. The Park has varying conservation
approaches for different areas. Although there is some develop-
ment within the Park, many of its forests are protected and have
been under conservation status for more than a century. Because ofFig. 1. Map of Adirondack Park in Upstate New Yorits size and location, the Adirondack Park spans a considerable
geographic area covering multiple forest types and a range of
elevation (37e1629 m). Previous studies have established forest
plots across the Park to investigate N, phosphorus, and calcium
gradients (McNeil et al., 2007; Bedison and Johnson, 2010; Crowley
et al., 2012). Using those previously established plots, 45 plots were
selected as sample sites for this study (Fig. 1). Plots were selected to
maximize variation in latitude, longitude, elevation (305e1300 m),
and annual precipitation quantity (95e175 cm). Hardwood stands
and conifer stands were sampled. Hardwood canopies were most
commonly composed of yellow birch (Betula alleghaniensis), sugar
maple (Acer saccharum), and American beech (Fagus grandifolia),
while conifer canopies were dominated by balsam ﬁr (Abies bal-
samea) or white pine (Pinus strobus).
2.2. Sampling methods
Foliar Hg concentrations in hardwoods increase throughout the
growing season (Rea et al., 2002; Bushey et al., 2008; Blackwell
et al., 2014). As a result, all plots were sampled between 4 August
and 15 August 2009 to minimize the impact of temporal variability
on data analysis. At each plot, a random center point was selected,
and latitude and longitude were recorded using GPS. Elevation for
each plot was extracted from a digital elevation model of Adiron-
dack Park. Percent cover was estimated using a densitometer at 10
points along four transects, and stem diameter at breast-height,
density, and estimated species abundance were recorded at ﬁve
subplots (5 m radius around a center point) within each sample
plot.
Dominant canopy species were selected for foliar sampling at
each plot based on abundance. Foliar samples were collected by
shooting high canopy branches with steel-shot ﬁred from a shotgun
and allowing branches to fall to the forest ﬂoor. All downed
branches were retrieved by an assistant wearing nitrile gloves, and
leaves that were directly impacted by shotgun pellets were notk, USA, with locations of study plots indicated.
Table 1
Correlationmatrix of geographic and climate variables used for regression analysis. Elevationwas used as a predictive variable for regression in place of precipitation due to the
strong correlation between elevation and precipitation.
Longitude Latitude Elevation Precipitation Wet Hg deposition Dry Hg deposition
Longitude 1.00 0.57 0.15 0.36 0.64 0.22
Latitude 0.57 1.00 0.11 0.37 0.64 0.13
Elevation 0.15 0.11 1.00 0.91 0.31 0.20
Precipitation 0.36 0.37 0.91 1.00 0.46 0.20
Wet Hg deposition 0.64 0.64 0.31 0.46 1.00 0.09
Dry Hg deposition 0.22 0.13 0.20 0.20 0.09 1.00
The bold numbers are to highlight the link between elevation and precipitation.
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individual trees of each dominant species were sampled per plot.
Forest ﬂoor samples were also collected from each plot using PVC
tubes. PVC tubes were hammered approximately 15 cm into the soil
to extract the cores. Two to three cores were taken from random
locations within each site. The horizons were separated based on
visual inspection. The Oi and Oe (litter) horizons were combined
into a single sample, and Oa horizon (humus) was collected sepa-
rately. All foliage and forest ﬂoor samples were placed in plastic
zipper bags and frozen until analysis.2.3. Laboratory methods
To remove moisture, all samples were freeze dried at 84 C for
at least 72 h using a Labconco console freeze drier. Hg analysis was
performed using a LECO AMA 254, which directly analyzes solid
samples and conforms to EPAMethod 7473 (USEPA 1998). For foliar
analysis, the analyzer was calibrated using a certiﬁed Hg standard
made of apple leaves (NIST 1515, 44 ± 4 ng/g), and calibration was
veriﬁed during analysis by using certiﬁed mussel tissue (NIST 2976,
61 ± 3.6 ng/g). For forest ﬂoor samples, calibration curves were
created using a coal ﬂy ash standard (NIST 1633b,143 ± 2 ng/g), and
marine sediment (NRC-CanadaMESS-3, 91 ± 9 ng/g) was used as an
external check. All samples analyzed were over the method
detection limit of 0.2 ng.
All samples were also analyzed for C and N using a Costech 4010
elemental analyzer. Calibration curves were created using primary
standard grade acetanilide, and curves were validated by using
primary standard grade atropine as an external standard. For Hg, C,
and N analysis, all calibration and external check standards were
within ±10% of certiﬁed value.0
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Fig. 2. Foliar Hg concentrations among canopy tree species of the Adirondacks. Error
bars represent ± one standard deviation. Note that concentrations reﬂect mid-growing
season collections, not maximum seasonal values.2.4. Data analysis
Differences in Hg concentrations among tree species were
analyzed using one-way ANOVA. Relationships between geo
graphic variables and Hg concentrations were analyzed using
simple linear regression. Note that precipitation quantity was
highly correlated to elevation over the sampling area (Table 1), so
precipitation quantity was not used as a predictive variable. For
comparisons of foliar Hg concentrations with literature litter
values, foliar Hg concentrations were extrapolated to approximate
concentrations at the time of leaf senescence by assuming that Hg
concentrations are 0 ng/g at bud-break and increased linearly
throughout a 150 day growing season (Blackwell et al., 2014).
Simple linear regression was also used to evaluate relationships
between C and N concentrations and Hg concentrations in foliage of
dominant tree species and forest ﬂoor samples. Residuals were
visually inspected for all models, and simple linear regression was
determined to be appropriate in all cases. Relationships between
soil fertility (characterized by C:N mass ratios) and Hg accumula-
tion (characterized by Hg:C mass ratios) were examined using non-linear regression. Hg:C ratios were log-transformed to dampen
outlier effects and to allow comparison with other studies (Obrist
et al., 2011). Stepwise regression was used to determine a best-ﬁt
model for predicting foliar Hg concentrations in the most widely
distributed tree species (yellow birch) and Hg concentrations in the
Oa horizon based on geographic and chemistry variables. All sta-
tistics were computed using IBM SPSS 19.0, and signiﬁcance was
determined at a  0.05.
3. Results
3.1. Foliar mercury differences and ecosystem mercury enrichment
Fourteen different canopy tree species were present in more
than one plot (Fig. 2). These included red spruce (Picea rubens), red
pine (Pinus resinosa), white pine (P. strobus), balsam ﬁr (A. balsa-
mea), eastern hemlock (Tsuga canadensis), paper birch (Betula
papyrifera), red oak (Quercus rubra), yellow birch (B. alleghaniensis),
sugar maple (Acer saccharum), bigtooth aspen (Populus grandi-
dentata), red maple (Acer rubrum), American beech (F. grandifolia),
white ash (Fraxinus americana), and black cherry (Prunus serotina).
Foliar Hg concentrations were variable among the different species,
and one-way ANOVA indicated that tree species had a strongly
signiﬁcant effect on foliar Hg concentrations (F(13,260) ¼ 51.01,
p < 0.001). Post-hoc testing using Tukey's HSD separated the species
into six different homogenous subsets (Table 2). Age 0 (current
growth) conifer needles had the lowest Hg concentrations (Subset
1). With the exception of paper birch and black cherry, all hard-
wood species were grouped into a single subset (Subset 5). Black
cherry foliar Hg concentrations were signiﬁcantly greater than all
other tree species. For conifer needles, Hg concentrations increased
with needle age, with Age 1 needles containing approximately
twice as much Hg as Age 0 needles (Table 3).
Within forest plots, Hg concentrations increased by a factor of
approximately seven to ten times between foliage and the Oi/Oe
horizon. This pattern was apparent in all plots regardless of
Table 2
Homogenous subsets of tree species determined by one-way ANOVA using Tukey's
HSD. Values represent mean species Hg (ng/g) although the test was run on square-
root transformed data to ﬁt normality assumptions.
Species N Subset for alpha ¼ 0.05
1 2 3 4 5 6
Red Spruce 18 4.9
Red Pine 8 5.2
White Pine 19 6.4 6.4
Balsam Fir 23 7.5 7.5 7.5
Hemlock 10 8.6 8.6
Paper Birch 12 11.0 11.0 11.0
Red Oak 6 12.8 12.8
Yellow Birch 48 12.8 12.8
Sugar Maple 38 15.1 15.1
Aspen 8 15.5 15.5
Red Maple 29 16.4
Amer. Beech 41 16.4
White Ash 6 17.0
Black Cherry 8 29.9
Sig. 0.258 0.083 0.077 0.054 0.174 1.000
Table 3
Mean Hg concentrations (ng/g) and standard deviations in coniferous foliage of
different age classes.
Species Age 0 Age 1
Red Spruce 5.5 ± 3.0 13.9 ± 5.4
Red Pine 5.2 ± 1.5 18.0 ± 2.5
White Pine 6.3 ± 1.1 22.7 ± 4.2
Balsam Fir 7.5 ± 2.7 19.4 ± 6.3
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the litterfall (Fig. 3). Within the forest ﬂoor, Hg concentrations
increased from the Oi/Oe horizon to the Oa horizon (Oi/Oe mean
Hg ¼ 198 ± 73 ng/g; Oa mean Hg ¼ 282 ± 127 ng/g). This pattern of
increase was smaller than the enrichment between foliage and the
Oi/Oe horizon but still signiﬁcant across most plot types. The one
exception was in plots dominated by pine (both white and red
pine), which showed a slight but statistically insigniﬁcant decline in
Hg concentrations between the Oi/Oe and Oa layer.
3.2. Spatial patterns of mercury in foliage and forest ﬂoor
Regression analysis was used to examine relationships between
Hg concentrations in foliage and latitude, longitude, and elevation.Dominant Species
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Fig. 3. Mean Hg concentrations in foliage, Oi/Oe horizon, and Oa horizon. Plots
selected for this analysis had relative basal area of at least 50% for the dominant
species, so species indicated likely comprise the majority of litterfall. Error bars
represent standard errors.Because of the species-speciﬁc differences in foliar Hg concentra-
tions, regression analysis for the hardwood species was performed
on the three most abundant species: yellow birch, sugar maple, and
American beech. In general, all three hardwood species showed
similar patterns of foliar Hg decreasing from south to north,
decreasing fromwest to east, and increasing with elevation (Fig. 4).
Yellow birch, which was present in the largest number of plots
(51%), showed the strongest relationships between foliar Hg and
geographic variables, with signiﬁcant negative relationships with
latitude (p < 0.001, r2 ¼ 0.43) and longitude (p ¼ 0.001, r2 ¼ 0.20)
and a signiﬁcant positive relationship with elevation (p < 0.001,
r2 ¼ 0.25). Sugar maple foliar Hg was also signiﬁcantly, negatively
correlated with latitude and longitude (p ¼ 0.003 and 0.003,
r2 ¼ 0.22 and 0.23, respectively). The relationship between sugar
maple foliar Hg concentrations and elevation was positive but not
statistically signiﬁcant (Fig. 4). American beech showed similar but
weaker patterns than sugar maple, with signiﬁcant relationships
with latitude (p ¼ 0.03, r2 ¼ 0.12) and longitude (p ¼ 0.04, r2 ¼ 0.10)
but an insigniﬁcant relationship with elevation (Fig. 4).
All conifer species were pooled together for geographic analyses
due to smaller sample sizes and because foliar concentrations
among species were not signiﬁcantly different. Separate re-
gressions were run for Age 0 and Age 1 needle classes for conifers.
Neither age class of conifer needles showed a signiﬁcant relation-
ship to any of the geographic variables.
Geographic variables were also used to examine spatial re-
lationships in forest ﬂoor Hg. Regression analysis between Oi/Oe
horizon Hg concentrations and latitude, longitude, and elevation
did not reveal any statistically signiﬁcant patterns. Oa horizon re-
gressions did reveal a weak yet statistically signiﬁcant negative
relationship between Hg concentrations and latitude (p ¼ 0.023,
r2 ¼ 0.06). The relationship between Oi/Oe layer Hg concentrations
and latitude was also negative but was just outside the bounds of
statistical signiﬁcance (p ¼ 0.07). Elevation showed a slight positive
relationship with Oa horizon Hg concentrations (p¼ 0.01, r2¼ 0.17).3.3. Mercury relationships with carbon and nitrogen
Regression analysis was used to determine relationships be-
tween foliar Hg concentrations and foliar C and N concentrations.
Like the geographic variables, regressions were run for the species
yellow birch, sugar maple, and American beech. There were no
signiﬁcant relationships between foliar %C and Hg concentration
for any of the hardwood species. Signiﬁcant relationships were
found between foliar %N and Hg concentrations, with a moderately
strong relationship found in yellow birch (p ¼ 0.005, r2 ¼ 0.43).
Similar but weaker patterns between %N and Hg concentrations
were evident for sugar maple (p ¼ 0.01, r2 ¼ 0.19) and American
beech (p ¼ 0.04, r2 ¼ 0.12) (Fig. 5). All conifer species were pooled
together but separated by needle age class. There were no detect-
able relationships between %N and Hg concentrations or %C and Hg
concentrations in conifer needles.
For forest ﬂoor samples, relationships between %N and Hg
concentrations and %C and Hg concentrations were not signiﬁcant
for the Oi/Oe horizon. Among Oa horizon samples, relationships
between %C and Hg concentrations and %N and Hg concentrations
were modestly positive (p < 0.001, r2 ¼ 0.21, p < 0.001, r2 ¼ 0.26,
respectively). When forest ﬂoor samples from both horizons were
pooled together, there was a negative relationship between C:N
mass ratios and Hg:C ratios, which were best ﬁt by a log-function
regression line (r2 ¼ 0.36, Fig. 6).
Fig. 4. Scatter plots and regression analysis between Hg concentrations in hardwood foliage or Oa horizon and geographic variables (latitude, longitude, elevation). All regressions
are signiﬁcant except Sugar Maple Hg concentration vs. elevation, American Beech Hg concentration vs. elevation, and Oa horizon Hg concentration vs. latitude.
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4.1. Species effects on Hg concentrations
The Hg concentrations measured in foliage in this study were
lower than other values reported in the literature (Rea et al., 2002;
Bushey et al., 2008; Blackwell et al., 2014). However, this discrep-
ancy is likely because foliage collections were made in the middle
of the growing season. Given rates of Hg accumulation in hardwood
foliage, it would be expected that Hg concentrationswould increase
approximately 75e100% by the end of the growing season. These
extrapolated Hg concentrations are comparable to literature values
of foliar Hg for the same species (Rea et al., 2002; Bushey et al.,
2008; Blackwell et al., 2014). Species differences were responsible
for a large portion of the variation in foliar Hg concentrations. The
greatest differences in Hg concentrations were observed between
hardwood and conifers, with average hardwood Hg uptake
exceeding conifer uptake by a factor of two to three for most spe-
cies. Among hardwoods, previous studies have found American
beech to accumulate signiﬁcantly more Hg than other dominant
northern hardwood species (Bushey et al., 2008; Blackwell et al.,
2014). American beech also had the highest average foliar con-
centration among overstory dominant species in this study; how-
ever, black cherry, which was not commonly found in the study
plots, had a signiﬁcantly higher concentration than American beech
and all other species. Previous studies have demonstrated a positive
relationship between foliar Hg and Hg concentrations in theatmosphere (Erickson and Gustin 2004). Differences in Hg uptake
among tree species have been attributed to physiological differ-
ences (e.g., leaf mass per area differences, presence/absence of
foliar pubescence) or differences in stomatal uptake (Ericksen et al.,
2003; Bushey et al., 2008). These explanations may contribute to
the high uptake rates of Hg in black cherry since the foliage does
have pubescence on the leaf surface, and a previous study showed
greater stomatal conductance in black cherry than all other tree
species measured, including four species sampled in this study
(Kubiske et al., 1996).
Species differences in foliar Hg accumulation indicate that
presence/absence of tree species in a plot will impact the amount of
Hg that can potentially be incorporated into the litter and the soil
proﬁle. Litter ﬂuxes are important contributors of Hg in both
hardwood (Rea et al., 1996; Sheehan et al., 2006; Bushey et al.,
2008; Blackwell et al., 2014) and conifer stands (Demers et al.,
2007; Blackwell et al., 2014). Among the hardwood species
sampled, most species had similar foliar Hg concentrations, sug-
gesting that Hg deposition via litterfall may be more heavily
inﬂuenced by canopy biomass and litter mass than by species
composition in hardwood forests.
The effect of species composition on litter Hg deposition in
conifer forests is less predictable than in hardwoods due to the
different ages of the needle classes and year-round exposure to
atmospheric Hg. Pine species sampled in this study (white pine and
red pine) typically only have two age classes of needles, and they
appear to take in Hg at similar rates in both age classes. Other
Fig. 5. Scatter plots and linear regression analysis between N and C concentrations and Hg concentrations in foliage and Oa horizon samples from forest stands in the Adirondack
Region.
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different needle classes spanning many years. Needles collected
during this study were from two age classes (0e1 years of age), and
needles showed consistent increases in Hg across the age classes. It
is unclear whether this increasewould continue throughout the life
of the needles or whether Hg accumulationwould eventually reach
a maximum concentration. It is also unclear what age of needles
make up the majority of the litter deposited in conifer plots. TheseFig. 6. Relationship between C:N ratios and log-transformed Hg:C ratios in forest ﬂoor
samples. C:N ratios are expressed as C(g)/N(g) and Hg:C ratios are expressed as log
[Hg(ng)/C(g)]. Triangles represent Oa horizon samples and circles represent Oi/Oe
horizon samples.unknowns could cause signiﬁcant uncertainty when attempting to
estimate litter ﬂuxes in forest stands dominated by spruce and ﬁr
trees. Further research will be needed to improve estimates of litter
deposition in conifer forests, especially information characterizing
the average age of needles at the time of litterfall.
Mercury incorporated into foliage will eventually be deposited
to the forest ﬂoor as leaves senesce. As a result, a relationship be-
tween foliar Hg concentrations and soil litter Hg concentrations
might be expected. However, no relationship was observed be-
tween foliar and Oi/Oe horizon Hg concentrations. This lack of a
pattern would suggest that there are other sources of Hg to the
litter layer or differences in evasion and transport of Hg from the
litter among different forest stands. Forest throughfall can contain
elevated concentrations of Hg that could adsorb to leaf litter or
humus, increasing concentrations in the soil proﬁle (Kolka et al.,
1999; Rea et al., 2001; Demers et al., 2007; Graydon et al., 2008;
Blackwell et al., 2014). This process likely explains some of the Hg
enrichment effect among the foliage, Oi/Oe horizon, and Oa horizon
(Fig. 3). Demers et al. (2007) found that throughfall could explain
the enrichment in Hg from litterfall to the litter layer in conifer
forests but was insufﬁcient to completely account for the enrich-
ment in hardwood forests. The lack of a relationship between foliar
Hg concentrations and Oi/Oe horizon Hg concentrations would
suggest that processes other than litterfall Hg deposition may play
an important role in determining the amount of Hg that is retained
within the soil of a particular forest (e.g. evasion, mineralization).
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All three dominant hardwood species showed similar regional
patterns of uptake of Hg by foliage, which strengthens the likeli-
hood that these patterns represent a true geographic gradient of Hg
accumulation. Several studies have suggested that atmospheric Hg0
is the primary form of Hg that is incorporated into leaf tissue (Rea
et al., 2002; Ericksen et al., 2003; Bushey et al., 2008), and Hg0 is
estimated to make up almost 60% of anthropogenic atmospheric
emissions of Hg in the northeastern United States (Driscoll et al.,
2007; Denkenberger et al., 2012). Hg0 is also relatively stable in
the atmosphere and capable of being transported long distances
from sources (Fitzgerald et al., 1998; Driscoll et al., 2013). Because
there is a demonstrated relationship between Hg concentrations in
the atmosphere and Hg uptake by foliage (Ericksen and Gustin,
2004), it is possible that the observed longitudinal and latitudinal
relationships represent an atmospheric gradient of Hg0. A spatial
gradient of Hg0 has been documented in at least one previous
study, with Hg0 concentrations decreasing from urban areas to
suburban areas to rural regions (Zhang et al., 2012). Urban areas are
located to the west and to the south Adirondack Park, which is
consistent with the spatial pattern of Hg concentrations in foliage.
Also, the predominant wind pattern is from the southwest of the
Adirondacks toward the northeast portions of the Park and could
transport Hg0 from the industrial sources in the Midwest. Back-
trajectory modeling of Hg in the Adirondacks has indicated that
sources in theMidwest are important contributors to Hg deposition
in the Adirondack Park (Choi et al., 2008). The spatial pattern of Hg
in foliage is also similar to the observed pattern of N concentrations
in tree foliage in the Adirondack region, a pattern that has been
attributed to gradients in atmospheric N deposition due to long-
range transport of N (McNeil et al., 2007).
Positive relationships between elevation and Hg concentrations
were observed in yellow birch foliage and in the Oa horizon.
Elevation effects are particularly difﬁcult to elucidate in foliage
because forest species tend to shift from northern hardwood to
spruce/ﬁr forests as elevation increases. This shift in forest type
limits the range of elevation that can be used for comparisons
within a single tree species, and species-speciﬁc differences in
foliar Hg concentrations make evaluating multiple species
impractical. In this study, elevation effects are also confounded by
the strong correlation with precipitation. The differences in forest
types along the elevation gradient will also have an impact on Hg
concentrations in soil horizons, so it is not clear whether correla-
tions between elevation and Oa horizon Hg concentrations are
driven by differences in Hg deposition or by differences in cycling
and storage of Hg among different forest types. Other research has
indicated that both factors could play a role in regulating forest
ﬂoor Hg concentrations (Blackwell and Driscoll, in review). As
elevation increases, cloud frequency increases (Miller et al., 1993),
and Hg concentrations in cloud water are generally greater than
concentrations in precipitation (Lawson et al., 2003; Malcolm et al.,
2003; Blackwell and Driscoll, in review). Cloud water is rarely
considered as an ecosystem input of Hg, and cloud water ﬂuxes
increase with increasing elevation. However, cloud water is not
likely to be an important input of Hg for most of the sites in this
study which were below 1000 m elevation. However, the shift to
conifer forests with higher elevation also increases Hg deposition
via throughfall, as throughfall Hg ﬂuxes under conifers are gener-
ally considerably higher than under hardwoods in the Adirondacks
(Demers et al., 2007; Blackwell et al., 2014). It is likely that increases
in Oa horizon Hg with elevation are also mediated by the shift from
hardwood to conifer trees with increasing elevation (Townsend
et al., 2014).
While large spatial studies of Hg in foliage and soil are notprevalent in the literature, the patterns observed for the Adir-
ondacks do not correspond to the observations from a study that
collected samples from 14 sites ranging from California to Maine
(Obrist et al., 2011). Note that half of the sites in that study were
located on the West Coast, and large portions of the United States
were unsampled. That study failed to detect spatial patterns within
foliagewhich, by their own admission, is likely because they did not
control for tissue age or tree species in their analyses. They found
both litter and soil Hg concentrations increase with latitude, the
opposite pattern observed for the Adirondacks. The differences
between the two studies are likely based on the scale of the ob-
servations, as our study was conducted entirely within a single
ecoregion (the Adirondacks), while Obrist et al. (2011) spanned
several different ecoregions. This discrepancy likely demonstrates
that large-scale patterns Obrist et al. (2011) observed are controlled
by differences in Hg accumulation and cycling among the many
different forest types they sampled, while the results from this
current study are more likely governed by differences in Hg
deposition across the more homogeneous Adirondack landscape.
4.3. Relationships between carbon, nitrogen, and mercury cycling
Multiple studies have linked Hg dynamics to organic C accu-
mulation and processing both in aquatic (Driscoll et al., 1995;
Ullrich et al., 2001) and terrestrial environments (Kolka et al.,
1999; Pant and Allen, 2007; Obrist et al., 2012). However, in our
study, there were no signiﬁcant relationships between Hg and C in
foliage and Oi/Oe horizon samples. This is likely due to the limited
variation in C concentration of the samples, with all foliage and Oi/
Oe horizon samples falling in the 47e51% C range. Carbon con-
centrations in the Oa horizon were more variable, and there was a
signiﬁcant relationship between Oa horizon Hg concentrations and
%C. Despite the lack of variation in C concentration, there was wide
variation in Hg concentrations in the Oi/Oe horizon, indicating that
C dynamics do not solely control variation in Hg concentrations in
the forest ﬂoor but that other processes are important drivers, such
as the rate of Hg retention and evasion.
Links between N concentrations and Hg concentrations in both
foliage and the Oa horizon are interesting in that both N and Hg are
derived from similar sources (such as industrial atmospheric
pollution) and are subject to long-range transport. Because of the
importance of N as a nutrient in ecosystems, there is also a large
biological component to N cycling, especially in soils. Nitrogen is
strongly retained within terrestrial ecosystems, so C:N ratios tend
to decrease as litter is decomposed and processed (Melillo et al.,
1989). For this reason, Obrist et al. (2011) used C:N ratios to indi-
cate the relative age of a soil and compare these values with Hg
concentrations (normalized as Hg:C ratios). Their relationship
showed that organic soils with low C:N ratios have the highest Hg:C
ratios. This analysis was repeated for our study (Fig. 6), and a similar
pattern was evident. Obrist et al. (2011) hypothesized that this
relationship is likely due to differences from centuries of Hg inputs
known as “legacy” Hg. However, because the Adirondacks is a re-
gion with relatively uniform soil age, disturbance history, and Hg
deposition history, it would appear that decomposition processes
and nutrient status may be regulating this pattern, and Hg
enrichment within the forest ﬂoor proﬁle seems to be driven more
by ecosystem processes than by historic deposition patterns (Yu
et al., 2014).
4.4. Model comparison
Due to limitations in resolution, most spatial models of Hg
deposition are not precise when applied to a relatively small region
such as the Adirondack Park. Yu et al. (2013) developed a Hg
B.D. Blackwell, C.T. Driscoll / Environmental Pollution 202 (2015) 126e134 133depositionmodel for the Adirondack region that estimates wet, dry,
and total deposition of Hg. There were no signiﬁcant correlations
between foliar or forest ﬂoor Hg concentrations and the model
predictions of Hg deposition across the study plots. Obrist et al.
(2011) also found that there was little correlation between Hg in
litter and soil and estimates of deposition of atmospheric Hg. While
this could be due to the accuracy of the deposition models, this lack
of correlation could also suggest that landscape processes and
biological variation among forest stands are more inﬂuential in
forest ﬂoor Hg accumulation than Hg deposition. Multiple regres-
sion models built from the data collected from this study were only
able to explain a maximum of 56% and 38% of the variance in foliar
and Oa horizon Hg concentrations, respectively. This analysis sug-
gests that a substantial amount of variation in Hg concentrations in
foliage and the forest ﬂoor in the Adirondack region is likely con-
tained in variables that were not considered by this study. Future
studies should focus on identifying factors that could be controlling
Hg accumulation in the forest ﬂoor.
4.5. Foliage and forest ﬂoor samples as monitors of Hg
contamination
It appears that hardwood foliage is sensitive to variations in
atmospheric Hg and could be a useful tool in assessing spatial
patterns of Hg deposition, even in relatively small geographic areas
that have seemingly homogenous forest cover and deposition. The
observable, repeatable geographic patterns of Hg in foliage and the
forest ﬂoor from this study indicate that current atmospheric
models may not accurately capture ﬁne-scale variation in atmo-
spheric Hg concentrations. Moreover, subtle changes in the land-
scape or climate may potentially affect Hg uptake by foliage
(Blackwell et al., 2014; Blackwell and Driscoll, in review). Tree
species composition has a strong inﬂuence on Hg uptake by foliage,
so regions that contain a common hardwood species or a suite of
species that accumulate similar Hg concentrations in foliage would
be the most suitable for using foliage to assess spatial Hg patterns.
Unlike hardwood foliage, conifer needles in this study were not
sensitive to changes across the landscape and do not appear to be a
suitable indicator of atmospheric Hg gradients. The results from
this study also provide observations that support the value of a new
program launched by the Mercury Deposition Network of the Na-
tional Atmospheric Deposition Program in 2012 to monitor Hg in
litterfall (http://nadp.sws.uiuc.edu/mdn/). Data from our study
suggest it would be useful to expand this program to as many sites
as possible, as litterfall Hg data are relatively inexpensive to obtain
and could provide useful information about dry deposition of Hg to
forested areas. Such measurements could support efforts to track
the effectiveness of U.S. Hg emission control efforts such as the EPA
Mercury and Air Toxics Rule (Schmeltz et al., 2011) and interna-
tional efforts such as the UNEP Minamata Convention. Mercury
patterns in the Oi/Oe horizon were not correlated to spatial or soil
chemistry variables, and Oa horizon Hg concentrations were only
weakly correlated with geographic variables. At current environ-
mental levels of contamination, it appears that variation in
decomposition processes, climate, and land cover is too great to
allow detection of Hg spatial patterns in the forest ﬂoor across
similar forest types.
5. Conclusions
Foliar Hg concentrations vary widely among canopy tree species
in the Adirondack Park, but if species differences are considered,
hardwood foliage appears to be sensitive to variation in atmo-
spheric Hg, suggesting that atmospheric Hg concentrations
decrease from the southwest to the northeast portion of the Park.This pattern demonstrates a decrease in atmospheric Hg concen-
trations with increasing distance from Hg source areas and is
consistent with previous ﬁndings for other anthropogenic atmo-
spheric pollutants. Foliar and forest ﬂoor concentrations of Hg were
related to N concentrations. These relationships suggest that the
two contaminants may originate from similar sources and follow
similar trajectories before deposition and/or be related through
ecosystem processes. Correlations between spatial variables and
foliar Hg indicate that foliage sampling is potentially an affordable,
simple method for examining spatial Hg patterns, even in remote
settings with low background Hg and relatively homogenous
landscape features. Spatial patterns indicate that regional Hg
sources could be signiﬁcantly contributing to foliar Hg concentra-
tions, a ﬁnding that suggests atmospheric Hg controls through the
EPAMercury and Air Toxics Rule or the UNEPMinamata Convention
could immediately decrease Hg deposition to forested ecosystems
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